METHODS
A retrospective analysis of 81 oncologic patients who underwent contrast-enhanced 18 F-FDG PET/CT and subsequent PET/MRI was performed by two readers for incidental tracer uptake. In a consensus reading, discrepancies were resolved. Each finding was either characterized as most likely benign, most likely malignant, or indeterminate. Using all available clinical information including results from histopathologic sampling and follow-up examinations, an expert reader classified each finding as benign or malignant. McNemar's test was used to compare the performance of both imaging modalities in characterizing incidental tracer uptake.
RESULTS
Forty-six lesions were detected by both modalities. On PET/CT, 27 lesions were classified as most likely benign, one as most likely malignant, and 18 as indeterminate; on PET/MRI, 31 lesions were classified as most likely benign, one lesion as most likely malignant, and 14 as indeterminate. Forty-three lesions were benign and one lesion was malignant according to the reference standard. In two lesions, a definite diagnosis was not possible. McNemar's test detected no differences concerning the correct classification of incidental tracer uptake between PET/CT and PET/MRI (P = 0.125).
CONCLUSION
In examinations of the head and neck area, incidental tracer uptake cannot be classified more accurately by PET/MRI than by PET/CT.
Methods

Patients
In our database, 81 patients (40 female and 41 male patients; mean age, 54.4±15 years) who underwent contrast-enhanced whole-body PET/CT examination including a dedicated head and neck protocol followed by a dedicated PET/MRI examination of the head and neck area were identified and further investigated in this retrospective analysis. The indications for PET/CT and PET/MRI comprised the following: initial tumor diagnostics (n=24), treatment monitoring (n=10), and recurrence diagnostics and follow-up (n=47). All 81 patients suffered from or had undergone treatment for tumors of the salivary glands (n=25), carcinomas of the oral and nasal cavity (n=21), thyroid cancer (n=18), carcinoma with unknown primary tumor (CUP) syndrome (n=15) and other tumor entities (n=2). The examinations were performed as part of a comparative study between PET/MRI and PET/CT, which was approved by the local ethics committee including retrospective data analysis. All patients gave their written informed consent before PET/MRI.
PET/CT
A weight-dependent 18 F-FDG dose (mean activity, 260±50 MBq) was injected 60 min prior to a contrast-enhanced, dedicated head and neck PET/CT scan which was followed by a whole-body PET/CT examination. The examinations were performed on a Biograph mCT TM (Siemens Healthcare GmbH). At the time of 18 F-FDG injection, blood glucose levels were below 150 mg/dL.
For the head and neck area, CT images (slice thickness, 3 mm; pitch, 0.8) were acquired from the base of the skull to the aortic arc 40 s after the injection of 60 mL of an iodine-based contrast agent (Ultravist©, Bayer Healthcare). For head and neck imaging, the arms of the patients were positioned next to the body. For the subsequent whole-body scan, patients were encouraged to lift their arms over their head to minimize artifacts. The scan was performed from the upper thorax to the upper thighs 70 s after the additional injection of 70 mL of an iodine-based contrast agent (slice thickness: 5 mm; pitch: 1). CareDose 4DTM (presets: 210 mAs) and CareKVTM (presets: 120 kV, Siemens Healthcare GmbH) were used in both protocols to minimize radiation exposure PET data acquisition was performed in the head and neck area for 4 min per bed position and in the rest of the body for 2 min. Images were reconstructed using the ordered subset expectation maximization (OSEM; 3 iterations and 21 subsets; Gaussian filter, 4 mm).
PET/MRI
After the PET/CT scan, a dedicated head and neck examination was performed on a Magnetom Biograph mMR TM (Siemens Healthcare GmbH), 150±47 min after 18 F-FDG injection. For attenuation correction, a T1-weighted three-dimensional volume interpolated breath-hold examination (VIBE) sequence in Dixon technique was acquired in coronal orientation (TE1, 1.23 ms; TE2, 2.46 ms; TR, 3.6 ms; slice thickness, 3.12 mm; flip angle, 10°; matrix size, 192×121; field-of-view, 500×328 mm²). The diagnostic MRI sequences comprised coronal unenhanced T1-weighted turbo spin-echo (TSE), transverse unenhanced T1-weighted TSE, transverse T2-weighted TSE, transverse contrast-enhanced VIBE and fat suppressed T1-weighted TSE sequence, and transverse contrast-enhanced T1-weigthed TSE sequence (see Table 1 for further details). For contrast-enhanced images, a weight-adapted dose (0.2 mL/kg bodyweight) of gadolinium-based contrast agent (Dotarem©; Guerbet) was injected. To reduce acquisition times, generalized autocalibrating partially parallel acquisition, acceleration factor (GRAPPA) 2 was used. PET data acquisition was performed for 20 min in list mode. Just as in PET/CT, PET images were reconstructed using OSEM (3 iterations and 21 subsets; Gaussian filter, 4 mm; matrix size, 344×344).
Image analysis and reference standard
In random order, PET/CT and PET/MRI examinations were investigated for incidental tracer uptake under knowledge of the clinical indication to exclude the primary tumor and potential metastases by two readers in separate sessions using OsiriX (Pixmeo SARL). The first reader was a nuclear medicine physician with six years of PET/CT experience, the second reader was a radiologist with five years of PET/CT experience. Both readers had at least two years of experience in integrated PET/MRI reading. As symmetrical tracer uptake can be frequently observed in the Waldeyer's ring and the pharyngeal and laryngeal musculature, only asymmetrical, focal tracer uptake compared with the background found in these locations was included in the analysis.
In a second step, the PET images and the morphologic CT or MRI images were analyzed fused and side-by-side for morphologic correlates of the focal tracer uptake and the most probable diagnosis was not-
Main points
• Integrated 18 F-FDG PET/MRI is considered as superior to PET/CT in head and neck imaging due to the superior soft tissue contrast.
• However, incidental 18 F-FDG uptake is a common problem in hybrid imaging of the head and neck.
• According to this retrospective analysis, 18 F-FDG PET/MRI is not superior to PET/CT in the characterization of incidental 18 F-FDG uptake. ed. Each finding was classified in one of the following categories: most likely benign, indeterminate, or most likely malignant (17) . A finding that did not demand further follow-up due to its benign appearance or its characteristic anatomical location in the analyzed images was considered as "most likely benign", while a finding that was considered as malignant and needed immediate verification by endoscopy, histopathologic sampling or further imaging was considered as "most likely malignant. "
If a finding was considered as neither malignant nor typically benign in the PET/CT or PET/MRI images, it was considered as "indeterminate. " Discrepancies between both readers were resolved in a separate consensus reading; these results were used for statistical analysis. During this reading session, maximum standardized uptake value (SUV max ) was recorded for each lesion. The reference standard for this analysis was created by the expert judgment of a board certified radiologist and neuroradiologist with more than two years of experience in integrated PET/MRI under knowledge of histopathologic results as well as radiologic and clinical follow-up. If no further information existed, the most probable diagnosis was determined by using previous examinations and all available clinical information. Each finding was classified as either benign or malignant. Histopathologic workup was available for one lesion, follow-up was available for 37 lesions (clinical follow-up, n=16; PET/CT, n=11; ultrasonography and clinical follow-up, n=5; PET/ MRI, n=4; combined ultrasonography and scintigraphy, n=1) with a mean follow-up time of 493±252 days. In the remaining 16 lesions, the expert reader decided on the most probable diagnosis using the PET/CT and PET/MRI images, previous examinations, and all available clinical information. In two findings, no definite classification was possible by the expert reader. Therefore, these lesions were considered as indeterminate findings in both modalities.
Statistical analysis
For PET/CT and PET/MRI, the initial rating (most likely benign and most likely malignant) was compared to the reference standard and classified as accurate and inaccurate. As an indeterminate finding does not pose a definite diagnosis and demands further investigation, these findings were classified as inaccurate. The differences between the two imaging procedures were assessed for statistical significance using McNemar's test. A P value <0.05 indicated statistical significance. On PET/CT, 27 lesions were classified as most likely benign, one as most likely malignant, and 18 as indeterminate. On PET/ MRI, 31 lesions were classified as most likely benign, one as most likely malignant, and 14 as indeterminate. Forty-three lesions were benign and one lesion was malignant according to the reference standard. In two lesions, a definite diagnosis was not possible due to insufficient follow-up (Table 2) . Concerning the correct characterization of incidental 18 F-FDG uptake, PET/MRI was not superior to PET/CT (P = 0.125). In 28 cases, 18 F-FDG uptake was correctly classified by both modalities (Fig. 1) . In four cases classified as indeterminate by PET/CT, the underlying inflammatory process could be detected by PET/MRI (Fig. 2) .
Results
Forty-six
In 14 lesions, neither PET/CT nor PET/MRI could correctly characterize the increased 18 F-FDG uptake. Affected areas were the larynx and the pharynx (n=5), the tonsils (n=3), the cervical soft tissue (n=3), the axilla (n=2), and the thyroid gland (n=1). An example of a unilateral tracer uptake in the left vocal cord is displayed in Fig. 3 .
Discussion
This study demonstrates a similar performance of PET/CT and PET/MRI when characterizing incidental 18 F-FDG uptake in head and neck examinations, despite the superior soft-tissue contrast of PET/MRI.
Due to the complex anatomy in the head and neck area, high-resolution morphologic imaging is crucial for cancer patients. As MRI is superior to CT in terms of accuracy in tumor border delineation and is less susceptible to beam hardening artifacts by dental implants (12) (13) (14) , many institutions prefer MRI over CT for imaging the head and neck. By combining functional and morphologic imaging, PET/CT is able to increase the sensitivity compared with morphologic imaging alone and has therefore been included in the latest guidelines for head and neck cancer imaging (5, 6) . However, local tumor evaluation can be troublesome due to low soft-tissue contrast of CT. Thus, integrated PET/MRI is expected to allow more accurate local tumor staging as well as lymph node evaluation compared with PET/CT. As most data from the literature have to be considered preliminary, no obvious superiority has been demonstrated until today (18) (19) (20) .
In accordance with the literature on head and neck staging, our data indicate that the superior soft-tissue contrast of PET/MRI does not increase the diagnostic accuracy in the characterization of incidental tracer uptake in the head and neck. This is caused most likely by the high prevalence of functional tracer uptake. Here, the exact anatomical allocation of the PET finding is key to correct classification, which can be realized equally well with contrast-enhanced CT and MRI (21) . In addition, most functional tracer uptake is symmetrical and is typically caused by movement and speaking in the uptake phase after tracer injection. This leads to symmetrical pharyngeal and laryngeal enhancement as well as linear uptake of the skeletal musculature, which is considered as physiologic and can be safely ignored without a definite morphologic correlate (22) . Furthermore, symmetrical tracer uptake of Waldeyer's ring, the salivary glands, and the thyroid without morphologic correlate is frequently observed and does not indicate an underlying pathology (23, 24) . Another frequent cause for symmetrical tracer uptake is brown fatty tissue (22, 25) . Due to excellent spatial registration of the CT and MRI images and the PET dataset, symmetrical tracer uptake could be attributed precisely to the corresponding tissue in this study by PET/CT and PET/MRI.
Asymmetrical or unilateral 18 F-FDG uptake in the head and neck area is of special interest as it might indicate a malignant tumor. Although increased, unilateral glucose metabolism can be caused by inflammatory processes or asymmetrical focal muscular activity and has to be considered as nonspecific in most cases, it can mimic malignant processes (26, 27) . Heusner et al. (27) demonstrated that unilateral or asymmetrical muscular uptake without a morphologic correlate is no predictor for malignancy. Still, its presence can be problematic in some cases, particularly if the quality of morphologic images is impaired by motion In the thyroid, focal tracer uptake is problematic. Although Choi et al. (28) found increased focal tracer uptake to be a strong predictor for malignancy, more recent studies showed that also benign nodules show a strong tracer uptake and that the frequency of malignant nodules is lower than initially reported (29) . Still, focal asymmetrical 18 F-FDG uptake in the thyroid demands further investigation (25, 29, 30) . Unfortunately, MRI is not superior to CT in the differentiation between benign and malignant thyroid lesions (31) . This can also be observed in our study: while one large thyroid nodule could be classified correctly as malignant by PET/ CT and PET/MRI due to an inhomogeneous appearance and a blurred delineation, both methods failed to provide a definite diagnosis in a small thyroid lesion that showed no signs of malignancy in more than one year of clinical follow-up.
Hence, the considerable percentage of indeterminate incidental tracer uptake in this study demonstrates that hybrid imaging always has to be considered only as a part of the diagnostic process in head and neck malignancies. A careful clinical examination prior to a hybrid imaging examination is therefore of utmost importance and can further improve the accuracy of both PET/CT and PET/MRI. Furthermore, correlation of hybrid imaging examinations with other imaging modalities such as ultrasonography or scintigraphy might be helpful.
This study has some minor limitations. Apart from its retrospective character, the cohort is relatively small and includes various tumor entities. Therefore, these results have to be considered as preliminary and further investigations in larger cohorts are required. Although histopathologic verification for each lesion cannot be obtained due to various clinical and ethical reasons, the inclusion of an expert reader who performed the classification under knowledge of all clinical information including histopathologic sampling and follow-up examinations has to be considered as a limitation of this study.
Different imaging time points after tracer injection for PET/CT and PET/MRI can lead to differences in tracer accumulation and influence sensitivity. However, this was only observed in one lesion and we believe that in future, either PET/CT or PET/MRI will be performed and that both modalities will not be performed subsequently. Furthermore, there is a discrepancy of reading experience between PET/MRI and PET/CT in all readers which cannot be avoided due to the later commercial availability of PET/MRI.
In conclusion, the present data indicate that 18 F-FDG PET/MRI is not able to reduce the number of indeterminate findings in the head and neck examinations compared with PET/CT. 
